Abstract: Black carbon (BC) is the residue of incomplete biomass combustion. It is ubiquitous in nature and, due to its relative persistence, is an important factor in Earth's slow-cycling carbon pool. This resistant nature makes pure BC one of the most used materials for ¹C dating to elucidate its formation date or residence time in the environment. However, most BC samples cannot be physically separated from their matrices, precluding accurate ¹C values. Here we present a method for radiocarbon dating of the oxidation products of BC, benzene polycarboxylic acids, thereby circumventing interference from extraneous carbon. Individual compounds were isolated using high performance liquid chromatography (HPLC) and converted to CO via wet chemical oxidation for ¹³C and ¹C isotope analysis. A detailed assessment was performed to identify and quantify sources of extraneous carbon contamination using two process standards with distinct isotopic signatures. The average blank was 1.6 ± 0.7 g C and had an average radiocarbon content of 0.90 ± 0.50 F¹C. We successfully analyzed the ¹C content of individual benzene polycarboxylic acids with a sample size as small as 20-30 g C after correcting for the presence of the average blank. The combination of ¹³C and F¹C analysis helps interpret the results and enables monitoring of extraneous carbon contribution in a fast and cost efficient way. Such a molecular approach to radiocarbon dating of BC residues enables the expansion of isotopic BC studies to samples that have either been too small or strongly affected by non-fire derived carbon.
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Introduction 33
The solid residues of incomplete biomass combustion are generally summarized under the 34 term black carbon (BC). It is ubiquitous in nature and can be found in the atmosphere, 35 sediments, water and ice (Goldberg, 1985) and includes a continuum of combustion products 36 ranging from slightly charred biomass to char and charcoal to highly condensed refractory 37 soot (Hedges et al., 2000; Masiello, 2004) . Fire derived components are of interest for the 38 investigation of the global C cycle due to their relative persistence in the environment. It is 39 widely accepted that BC contributes significantly to the Earth's slow-cycling C pool 40 (Skjemstad et al., 1996 (Skjemstad et al., , 2001 Schmidt et al., 2000; Preston and Schmidt, 2006; Knicker et al., 41 2008 ) and in models of soil organic matter (OM) turnover it is defined as a C pool with 42 relatively high resistance to degradation (Skjemstad et al., 2004) . It is also utilized in the 43 reconstruction of fire history from geological records (e.g. Glaser et al., 2000; Carcaillet et al., 44 2002; Tinner et al., 2005) . Similarly, pure charcoal is of importance for archeological 45 research; in addition, the presence of BC at excavation sites allows precise determination of 46 the age of the finds from 14 C analysis. Consequently, pieces of pure charcoal are one of the 47 most targeted materials for 14 C dating in archaeological or geological research (Bird et al., 48 1999) . 49
Nevertheless, the physicochemical properties and the biological stability of BC are poorly 50 understood and even quantification is inherently difficult. One promising approach towards a 51 better understanding and quantification of BC is a molecular method, the so-called 'BPCA 52 method' introduced by Glaser et al. (1998) . Benzene polycarboxylic acids (BPCAs) result 53 from the digestion of BC with HNO 3 under high pressure and temperature, and can be 54 analyzed using either gas chromatography (GC; Glaser et al., 1998) or high performance 55 liquid chromatography (HPLC; Dittmar, 2008; Wiedemeier et al., 2013) . The BPCAs derive 56 unambiguously from BC and provide insight into the original BC at a molecular scale. In 57 addition to being a quantifiable molecular proxy for the total amount of BC in a complex 58 matrix, the relative distribution of individual BPCAs can provide further information. For 59 example, a relatively high amount of highly carboxylated BPCAs such as mellitic acid 60 (B6CA) and benzene pentacarboxylic acid (B5CA) is indicative of a high degree of 61 condensation (Dittmar, 2008; Schneider et al., 2011) . The numbers in the notation indicate the 62 number of substituted carboxylic acid groups per benzene ring. 63
The radiocarbon signature of BPCAs has potential for elucidating the fate and source of BC in 64 nature, as the concentration of 14 C in a BC sample can be directly related to its age or mean 65 residence time. For recent BC samples, 14 C analysis allows source apportioning of the BC 66 between fossil fuel derived charcoal that is depleted in 14 C (F 14 C 0) and burned modernbiomass that reflects atmospheric radiocarbon content (F 14 C ≥ 1). On the whole, there is an 68 essential advantage in determining the 14 C content of these specific biomarkers vs. dating of 69 bulk BC samples (e.g. Ziolkowski and Druffel, 2009; Zimmerman, 2010; Yarnes et al., 2011) . 70
In particular, analysis of bulk samples frequently suffers from large uncertainty due to small 71 sample size and the challenge in physically separating pure BC from interfering OM. For 72 example, OM in soils and sediments is a complex mixture of compounds, which can range 73 from recently produced compounds to very old material (Hedges et al., 2000) . The same is 74 true for buried archaeological samples. The matrix of pottery can contain organic carbon-75 bearing clay closely associated with the charred residue, or organic carbon can be taken up 76 from the burial environment, causing further interference. 77 Eglinton et al. (1996) introduced the concept of compound-specific radiocarbon analysis 78 (CSRA) applied to certain solvent extractable lipids. The first application using the BPCA 79 method to date BC on a molecular scale was by Ziolkowski and Druffel (2009a) , who 80 separated individual BPCAs using preparative GC, and achieved reliable results with 81 reasonably low and constant blanks. Nevertheless, the method has several drawbacks. BPCAs 82 must be treated to form GC-amenable derivatives, requiring the addition of external C. The 83 authors applied trimethylsilyl-diazomethane as derivatization agent. Even though it has been 84 reported to be more efficient than other derivatization protocols (Ziolkowski and Druffel, 85 2009b) , it is known that losses can occur. This is also true for the most common derivatization 86 technique, silylation with BSTFA (Schneider et al., 2011) . Finally, a GC column has limited 87 capacity, necessitating a number of injections to collect sufficient material for dating. Many 88 of the problems can be circumvented by separating the BPCAs using HPLC (Dittmar, 2008; 89 Wiedemeier et al., 2013) . 90
In general, 14 C analysis is sensitive to any contribution from extraneous carbon (C ex ) added to 91 the sample during the laboratory protocol. This is particularly true for ultra small scale 92 samples containing < 30 µg C. Purification procedures for CSRA must therefore be designed 93 to minimize and accurately quantify C ex addition (Pearson et al., 1998; Shah and Pearson, 94 2007; Ziolkowski and Druffel, 2009a; Birkholz et al., 2013; Lang et al., 2013) . 95
In this study we present a new approach for molecular scale 14 C analysis of fire-derived 96 compounds on the basis of the separation of BPCAs using liquid chromatography 97 (Wiedemeier et al., 2013) combined with a recent method of wet oxidation suitable for 98 combined 13 C and 14 C isotope analysis (Lang et al., 2012 (Lang et al., , 2013 . The method allows sample 99 oxidation despite the presence of concentrated H 3 PO 4 , which is essential for achieving 100 separation of the BPCAs with HPLC. The direct conversion of the BPCAs to CO 2 within a gas 101 tight vial allows the sample gas to be subsampled for δ 13 C analysis prior to injection for 102 accelerator mass spectrometry (AMS).
We describe the successful purification of individual B5CAs and B6CAs followed by δ 13 C 104 and F 14 C analysis. A detailed blank assessment was carried out using direct and indirect 105 approaches to assess the amount and the isotopic signature of C ex . Two different types of 106 charcoal were selected as standards. The first was an archaeological charcoal with a 14 C age > 107 50000 BP (≤ 0.02 F 14 C) and the second a modern charcoal (≥ 1 F 14 C) prepared from a 108 recently cut tree. Together they represented the end members of 14 C analysis and thereby 109 allowed a good evaluation of this new method for BC dating. 110
Experimental 111
The data were produced from two successive series of experiments. Both included HPLC 112 isolation followed by wet oxidation, GC-isotope ratio mass spectrometry (GC-IRMS) and 113 AMS measurements. All glassware was pre-heated to 450 °C for 5 h prior to use to remove 114 organic contaminants. Ultra pure water was supplied from a MilliQ Advantage A10 system 115 (Millipore, USA) and all chemicals were of the highest available grade and were tested for 116 impurities before use. 117
Process standards 118
The archaeological charcoal sample ('fossil char') was from in situ charred trees sampled 119 from paroxysmal flow deposits in the Maninjau caldera in West-Central Sumatra (Alloway et 120 al., 2004 ). Its precise dating using conventional AMS demonstrated that it lacked 14 C and had 121 an age of ca. 50 ka BP (Alloway et al., 2004; Ascough et al., 2009 ). The modern analog 122 ('modern char') was produced from chestnut wood (Castanea sativa) from a single tree cut in 123 a forest in Southern Switzerland. The wood was charred at 450 °C for 5 h under a N 2 124 atmosphere (Hammes et al., 2006) . 125
The samples were of almost pure charcoal, one was recovered in-situ and the other was 126 produced in the laboratory under controlled conditions, allowing the assumption that they 127 were not significantly affected by interfering C-bearing material. Therefore the radiocarbon 128 contents of the bulk samples were expected to be the same as that of the isolated BPCAs. 129
Bulk subsamples were analyzed for 14 C content as solid targets at the Laboratory of Ion Beam 130
Physics of the ETH Zürich, Switzerland after being sequentially extracted with acid and base 131 reagents to remove contaminants from the surfaces. The so-called acid-base-acid (ABA) 132 treatment is a standard cleaning procedure prior to 14 C analysis (Hajdas et al., 2004) . The 14 C 133 content of the fossil char was found to be 0.003 ± 0.001 F 14 C (ETH-50456). The modern char 134 was produced from unaltered dried wood that had a 14 C content of 1.142 ± 0.004 F 14 C (ETH-135 50458) and its charred residue was almost identical at 1.149 ± 0.004 F 14 C (ETH-50457). 136
These values were used as reference values.
Sample extraction and purification 138
Extraction and purification of BPCAs was carried out according to the protocol of 139 Wiedemeier et al. (2013) with modifications to make it amenable for CSRA. In brief, 15-25 140 mg of the dried and milled sample was directly digested in a quartz tube with 2 ml HNO 3 (65 141 wt.% or 14.4 mol/l) at 170 °C for 8 h. After cooling, the aqueous solution was filtered over 142 pre-rinsed quartz fiber filters. The extract was eluted over a cation exchange resin and freeze 143 dried to remove water and acid. The dried residue was dissolved in MeOH/water (1:1, v/v) 144 and applied to a pre-conditioned C 18 solid phase extraction cartridge to remove apolar 145 components. Finally, the eluate was dried again using an Eppendorf concentrator system. 146
HPLC purification 147
Individual BPCAs were isolated using an Agilent 1290 Infinity UPLC instrument (Santa 148 Clara, USA). Separation was achieved with an Agilent Poroshell 120-SB C 18 column (4.6 × 149 100 mm, 2.7 µm pore size) using a gradient of diluted ortho H 3 PO 4 buffered to pH 1.2 with 150 NaH 2 PO 4 (mobile phase A) and pure MeCN (mobile phase B). Compounds were detected 151 with an Agilent 1290 Infinity diode array detector at 216 and 240 nm. 152
Extracted samples ('total digest') were diluted in ultra pure water to achieve a concentration 153 of B5CA and B6CA of ca. 200 ± 50 ng C/ µl for HPLC injection. A small (1 µl) initial 154 injection was made to quantify the peaks and assign retention times. Larger (5 µl) injections 155 (10-30 in total) were then made for fraction collection. The mobile phase was collected during 156 the time windows corresponding to the elution of the B5CA and B6CA compounds into pre-157 combusted glass vials with a time-programmed analytical fraction collector (Agilent 1260 158 AS-FC). The collected fractions were transferred to screw cap vials with borosilicate pipettes 159 and dried under a stream of N 2 to remove all mobile phases with the exception of non-volatile 160 H 3 PO 4 . Before drying, a small aliquot was re-injected on HPLC to assess the recovery and 161 purity of the isolated compounds. Quantification was carried out with an external standard 162 series that contained a mixture of commercially available BPCAs (Wiedemeier et al., 2013) . 163
Wet oxidation 164
The compound-specific isotopic signature (δ 13 C, F 14 C) of isolated BPCAs was determined 165 with the methods described by Lang et al. (2012 Lang et al. ( , 2013 . Specifically, isolated and acidified 166 samples were transferred to 12 ml gas tight vials, diluted with Milli-Q water to a total volume 167 of 4 ml, and spiked with 0.75 ml supersaturated oxidizing solution (100 ml H 2 O + 2.0 g 168 The stable carbon isotopic composition of the headspace CO 2 was measured with two 179 approaches. For initial tests, we analyzed the C content of various blank samples to determine 180 background values, while the isotopic composition was of secondary interest. These samples 181
were analyzed on a GasBench II on-line gas preparation and introduction system (Thermo 182
Fisher Scientific, Bremen, Germany) coupled to a ConFlo IV interface and a Delta V Plus 183 mass spectrometer (both Thermo Fisher Scientific), allowing the accurate detection of C 184 content and 13 C of samples as small as 5 µg C. As δ 13 C analysis with the GasBench uses the 185 majority of the CO 2 , samples were also analyzed with a second method designed to preserve 186 the majority of the CO 2 for 14 C analysis. In this approach, 100 µl of headspace gas was 187 removed from the vials with a gastight syringe (Hamilton). The gas was injected into a gas 188 chromatograph (Agilent 6890) with a split/splitless inlet and which was directly connected to 189 a Delta V Plus via a ConFlo IV interface (both Thermo Fisher Scientific, Bremen, German). 190 CO 2 was separated from interfering gases with a CP Poraplot Q column (27.5 m × 0.32 µm; 191 10 µm; Varian) maintained at 100 °C and a He flow rate of 2.0 ml/min. 192
The raw δ 13 C values of each series of samples were corrected for fractionation effects 193 between headspace and dissolved CO 2 , as well for blank values and instrumental drift using 194 standards of known composition (Lang et al., 2012) . The amount of C was calculated by 195 comparison with a dilution series of phthalic acid. 196
Radiocarbon analysis (F 14 C) 197
Radiocarbon analysis was carried out at the Laboratory for Ion Beam Physics of ETH Zürich, 198 Switzerland using the MICADAS (mini carbon dating system) equipped with a gas ion source 199 (Ruff et al., 2007; Synal et al., 2007) that allows direct introduction of CO 2 from the 200 headspace into the gas ion source. Detailed descriptions about the instrumentation can be 201 found elsewhere (Lang et al., 2013; Wacker et al., 2013) . In brief, sample CO 2 was removed 202 from the vials by flushing with He and diverting the output over a magnesium perchlorate 203 water trap to a trap containing X13 zeolite molecular sieve, which adsorbs CO 2 at roomthe CO 2 was released by heating the zeolite to 450 °C. The amount of CO 2 in the syringe was 206 detected pneumatically to allow dilution of the sample gas with He to 5 %, v/v CO 2 in He. 207
This gas mixture was then pushed continuously out of the syringe into the ion source. Oxalic 208 acid I (OX-1) gas was used as a modern standard (Stuiver and Polach, 1977) for 209 normalization and fossil CO 2 gas served as a blank. 210
The raw data output was processed with the BATS software (Wacker et al., 2010) 
Results and Discussion 215

Isolation of individual BPCAs with HPLC 216
The first goal in method development was the definition of appropriate chromatographic 217 conditions for providing sufficient amounts of the pure target compounds. BPCA 218 concentrations in the total digests where determined following Wiedemeier et al. (2013) . In 219 both samples B6CA and B5CA represented ca. 80 % of the total quantified BPCA-C. For 220 CSRA these two compounds provided the best conditions for successfully isolating and 221 dating them. As a second step we injected as much as 1 µg C from each of the two target 222 compounds and were still able to define robust retention times of the baseline separated 223 peaks. Even though the column was slightly overloaded, no tailing of the target peaks to other 224 fractions was observed (Fig. 1A ) by re-injection of the eluent collected just before and after 225 collection of the sample peak. The time window for fraction collection was set as narrow as 226 possible to minimize the amount of potential co-eluting extraneous compounds and, 227 especially, column bleed. Next to the quantified BPCAs a suite of other peaks are present (Fig  228   1A ). These were other by-products of the digestion and were most likely nitrated BPCAs 229 (Ziolkowski and Druffel, 2009b) . We isolated B5CA and B6CA fractions from both process 230 standards, the fossil and modern char, in 3 replicates, respectively. As a preliminary 231 assessment of C ex , aliquots of the collected fractions were re-injected; this did not show any 232 UV-detectable contaminants (Fig. 1B) . Fractions were typically collected and combined from 233 20 to 30 repeated injections. Sample recovery varied between 50 and 84% (Table 1) . Losses 234 might have occurred during fraction collection or during transfer and concentration of the 235 individual fractions. We did not detect significant amounts of the target compounds in 236 fractions collected subsequently after the time window for B6CA or B5CA, which suggests 237 that no significant tailing occurred after passing the detector and before the fraction collector.the target compounds, we did not try to optimize the recovery widening the collection 240 window, as soon as recovery exceeded 50%. Isotopic fractionation effects over the 241 chromatographic peak were not expected for the 14 C content (Zencak et al., 2007) . This can be 242 explained by the fact that F 14 C values are corrected for isotopic fractionation, which is 243 expected to occur during AMS analysis. It is also possible that losses occurred during the 244 transfer and concentration of the collected sample volumes. Up to 15 ml of that aqueous 245 solution had to be reduced to a final volume of 2 ml, resulting in a high concentration of 246 H 3 PO 4 as only water and MeCN were volatilized under N 2 flow. 247
Wet oxidation and δ 13 C values 248
The wet oxidation method was originally designed to oxidize organic acids (Lang et al. 2012; 249 2013 ) but proved to be also suitable for BPCAs. The oxidation efficiency was tested by 250 oxidizing a known amount of a benzene pentacarboxylic acid standard, with recovery always 251 > 90%. Furthermore, no isotopic fractionation was observed when the δ The final δ 13 C values of each isolated B5CA or B6CA sample, as well of the entire digestion 258 extracts are listed in Table 1 . The values are corrected for fractionation effects between the 259 liquid and gas phase and for process and instrumental background of the wet oxidation 260 procedure itself, as described by Lang et al. (2012) . In brief, the process blank was 261 determined using oxidized ultra pure water with similar volumes to the samples. The peak 262 area of these blanks averaged 0.55 ± 0.09 V·s (n = 3), which corresponds to a value near the 263 limit of detection of ≤ 0.2 µg C. As these peaks were too small for reliable δ 13 C values, the 264 isotopic composition of the process blank was estimated indirectly by comparing the values 265 for the oxidized phthalic acid standard samples with the known reference value. The δ 13 C of 266 the blanks is very sensitive, so it was individually calculated for each prepared series. The 267 blanks were calculated to be -14.1 ± 1.1‰ for the first and -9.1 ± 1.1‰ for the second series. 268
At first sight, there is a significant difference between the two blanks. It should be taken into 269 account, however, that small differences detected with such small signals could lead to large 270 differences in the δ 13 C values for the blanks. The isotopic shift of ca. 5‰ for the blank results 271 probably resulted from slightly changes in the quality of the chemicals in use, for instance the 272 oxidizing reagent or the ultra pure water. This assumption is supported by the fact that thesignificant difference after being corrected for the blank value for the wet oxidation procedure 275 (Table 1) . The BPCAs had slightly lower δ 13 C values than the total digests (Fig. 2) , while 276 B5CA was more negative than B6CA. These small differences may be the result of 277 inhomogeneity of the parent material. Another explanation might be an incomplete collection 278 of the chromatographic peak, as δ 13 C values are much more sensitive to fractionation effects 279 than F 14 C values (Zencak et al., 2007) . The overall reproducibility (1σ) was ≤ 0.7‰. Even if 280 this is slightly higher than the reported precision for the chemical oxidation method (≤ 0.4 ‰, 281 Lang et al., 2012) , the values are still satisfyingly accurate. With this technique, only a very 282 small part of the isolated samples was used for stable isotope analysis in order to assure large 283 enough samples for the AMS analysis. More accurate results could potentially be achieved by 284 isolating a separate sample dedicated only to δ 13 C using a GasBench device. 285
For the modern charcoal, we compared the isotopic composition of total digests and 286 compound-specific of BPCAs is of high quality and can be performed on a very small aliquot of a sample whose 296 main part is needed for CSRA. 297
Assessment of extraneous carbon 298
As mentioned above, radiocarbon analysis is more sensitive to the addition of extraneous C 299 than δ 13 C analysis (e.g. Shah and Pearson, 2007; Ziolkowski and Druffel, 2009a) . It is 300 therefore mandatory to minimize and precisely determine the contribution from C ex to carry 301 out an appropriate blank correction and obtain reliable radiocarbon values. Generally 302 speaking, a measured F 14 C value is composed of a contribution from both the compound of 303 interest and from C ex . This can be expressed with the following mass balance equation: 304
Where F is the F 14 C value and C the amount of carbon in µg. The subscript T refers to total as 306 measured, S to sample and ex to extraneous. In order to solve the equation for F S , the amountThere are several possible sources of contaminating C added to the sample. Considering the 309 entire laboratory protocol, it might be taken up during the extraction and cleaning procedure 310 (C chemistry ), the HPLC isolation (C HPLC ), the wet oxidation procedure (C ox ) and finally during 311 the AMS analysis itself (C AMS ). Accordingly C ex can be expressed as a sum of the following 312 components: C ex = C chemistry + C HPLC + C ox + C AMS . The most straightforward way to trace back 313 to C ex is to start at the end of the laboratory protocol, going back to the first steps. 314
C AMS 315
The AMS instrumental background is routinely determined during each measurement 316 campaign. As mentioned above, reported values are normalized using the results of small 317 scale Ox-I standards and are corrected for small scale AMS blanks using the BATS software 318 (Wacker et al., 2010) . Because of this, C AMS is not discussed further here. Accordingly, the 319 subscript T (F 14 C T , C T ) indicates in the following that the raw values had already been 320 corrected with the BATS software. 321
C ox 322
The contribution of C ex added during wet oxidation was calculated indirectly using two 323 standards of known radiocarbon content ( 14 C-free phthalic acid and modern sucrose). With 324 this method it is possible to assess separately two contaminant fractions. A detailed 325 description of the method is given by Lang et al. (2013) . As we adopted the approach for the 326 assessment of C chemistry and C HPLC , further information is given in the following section. 327
For the samples measured during the first campaign, we determined a small influence from a 328 modern C ox source, corresponding to 0.13 ± 0.04 µg C (n = 5), whereas the contribution from 329 radiocarbon-dead C ox corresponded to 0.85 ± 0.44 µg C (n = 5). In combination, this resulted 330 in a total blank of 0.97 ± 0.44 µg C with a F 14 C value of 0.13 ± 0.07. For the second 331 measurement campaign, we were able to reduce the amount of C ox via 0.07 ± 0.03 µg C 332 modern C ox and 0.45 ± 0.43 µg C of radiocarbon-dead material, i.e. a total of 0.52 ± 0.44 µg 333 C ox with 0.14 ± 0.13 F 14 C. Evaluation of the first data set pointed to some sources of C ox that 334 could easily be reduced, especially for the reagent used for the wet oxidation. The reagent was 335 recrystallized 2x in water before use during the second campaign. This resulted in a reduction 336 of radiocarbon-dead C ox of ca. 0.5 µg C per sample, while the average F 14 C of C ox remained 337 comparable with the F ox determined for the first campaign. The correction for C ox was applied 338 to all samples before determining C chemistry and C HPLC . The corrected values are indicated as 339 C T' and F 14 C T' in the following. 340
C chemistry and C HPLC
Initially, we directly collected and analyzed C chemistry and C HPLC . Blank samples were run 342 through the entire laboratory protocol except for radiocarbon dating. Another set of blanks 343 was produced, performing only the HPLC step, omitting the extraction procedure. Because 344 the total amount of extraneous C was very low, the number of injections and the duration of 345 the fraction collection window were increased vs. regular sample fraction collection. The 346 amount of C and its δ 13 C values were determined by analyzing all material with the GasBench 347 device (Table 2) , which gives better accuracy than the GC option described above. For one 348 sample, it was not possible to obtain a reliable δ 13 C value, as the sample size was too small. 349
The average blank that passed both extraction and HPLC contained 0.23 ± 0.12 µg 350 C chemistry+HPLC ml -1 (n = 2), whereas C HPLC showed an average of 0.22 ± 0.04 µg ml -1 (n = 5). 351
This showed that the chemical extraction process (C chemistry ) did not significantly contribute to 352 the amount of the sum of C ex and could be assumed to be zero. Most likely, if any C chemistry 353 were present, it would again be removed during the HPLC purification step to a level below 354 the detection limit. The isotopic signatures of the C HPLC replicates showed comparable values, 355 within a relatively larger error due to the small sample sizes. The δ 13 C value of C HPLC 356 averaged -29.5 ± 1.3‰ ( Table 2 ), implying that the source of C ex remained constant and that 357 no unexpected and uncontrolled addition of C ex occurred. Separate analysis of the aqueous 358 eluent before usage showed that this was most probably the main source of C HPLC , as it 359 already contained 0.3 ± 0.1 µg C/ml. Future efforts to reduce C HPLC should therefore focus on 360 the mobile phase in the HPLC step. 361 A strong relationship (R 2 0.91) existed between the collected volumes of C HPLC and their C 362 content (Fig. 3) . The intercept of near zero suggests that any constant background was absent, 363 while the slope (0.22 µg C ml -1 ) of the linear regression represented the amount of C HPLC 364 eluting per ml eluent. Therefore, multiplying this value by the volume collected for a specific 365 sample should give a preliminary estimate of C HPLC for an individual sample, enabling 366 calculation of F HPLC for each sample. However, we discovered that this estimate was not 367 accurate enough: calculated values of C HPLC for individual samples ranged between 0.9 and 368 2.1 µg C, resulting in reasonable estimates for F HPLC for some samples (Supplementary 369 material), but also in non-natural values of F HPLC > 2 for others. Interestingly, the averaged 370 values for F HPLC for each process standard were at the same level of a blank with a modern 371 radiocarbon value (F 14 C ≈ 1). 372
It is also possible to determine the blank contribution (C HPLC ) and its radiocarbon signature 373 (F HPLC ) indirectly. For this approach, C ex needs to be assumed as a constant amount of carbon 374 being added to each sample during sample preparation. It is based on the theoretical 375 assumption that the F ex would be composed of two pools characterized by oppositethat with opposite 14 C content then allows a mathematical solution for both unknowns, here 378 C HPLC and F HPLC . It is a common approach to determine a theoretical contribution from 379 modern C ex (F 14 C = 1) by use of a radiocarbon-dead (F 14 C = 0) process standard and vice 380 versa (Shah and Pearson, 2007; Ziolkowski and Druffel, 2009a; Lang et al., 2013) . For this, 381
Eq. 1 was re-arranged and modified: 382
Accordingly, a C HPLC value for each replicate of fossil char was calculated assuming F HPLC = 1 384 and similarly for the modern char, assuming F HPLC = 0 (Table 3) . To solve the equation the 385 reference values from the bulk powder were used as F S . The average modern C HPLC based on 386 the individual B5CAs and B6CAs from the fossil charcoal, was 1.4 ± 0.5 µg C (n = 5; Table  387 3). In contrast, the BPCAs isolated from the modern char sample were hardly affected (Fig.  388 3), resulting in an average contribution of 14 C-free C HPLC of 0.2 ± 0.4 µg C. 389
While the subdivision of the amount of blank C into two pools is a convenient mathematical 390 concept, in nature it is more likely that there is a single C pool with a distinct 14 C signature 391 displaying a mean value of all various compounds. In order to determine more realistic 392 values, C ex and F ex can be combined by addition of the two theoretical C ex values and by 393 calculating the weighted average of the two F ex values: 394 varying sample size and the constant C HPLC . Note that the given data set does not show a 405 significant dependence between the amounts of repeated injections (i.e. the amount of 406 collected mobile phase) and C HPLC . However, the opposite was concluded after direct analysis 407 of C HPLC (Fig. 3) . This apparent contradiction can be attributed to the fact that the process 408 samples were only collected over 20 to 30 injections, with a total of 4-12 ml (but mostly 6-8 409 ml), as opposed to the volume range of 8 up to 40 ml collected for the C HPLC tests. In short,correct radiocarbon content (F S ) values from the individual samples are listed in Table 3 . 412
There was no evidence for a significant difference in the analysis. Additional replicate analyses are still recommended so that possible outliers can be 428 easily identified. In summary, the given uncertainty in an individual measurement is 429 satisfactory for C turnover studies or C source apportion. For precise dating purposes a higher 430 precision is usually required. Indeed, there is room for further minimization of C ex , especially 431 during the HPLC isolation procedure. Comparing the background level of organic C in the 432 ultra-pure water used (i.e. in the aqueous HPLC solvent) with published references indicates 433 that the system used for this study could be improved with better maintenance. Lang et al. 434 (2012) reported that not more than 0.04 µg C/ml were detected in the aquatic mobile phase. In 435 contrast, a concentration of up to 0.3 µg C/ml was measured for the eluents used here. 436
Conclusions 437
We present a method to purify individual BPCAs as compound-specific biomarkers for BC, 438 followed by the determination of δ 13 C and F 14 C. The combination of two measurements on 439 the same sample reduces the efforts specified by an isolation protocol for the particular 440 analysis. Furthermore, knowing both the δ 13 C and F 14 C values for a sample helps interpret the 441 results with respect to the impact of contamination that might be difficult to detect, especially 442 when they have a different δ 13 C value from the sample of interest. Another benefit is the 443 possibility of monitoring the development of the general C ex background in an easy and cost 444 effective way. C content and its δexpensive radiocarbon analysis of contaminated samples. Finally the wet oxidation method 446 avoids the problems encountered in the combustion of H 3 PO 4 -rich sample residues. 447 A constant addition of extraneous C to the isolated samples was identified. Nevertheless, a 448 size dependent component C ex cannot be excluded. This is especially true for much larger 449 samples (> 50 µg C) that need to be isolated with a greater extent of injections (e.g. 100-150 450 injections to yield ca. 100 µg BPCA C). Contamination of 1.6 ± 0.2 µg C, with F 14 C 0.90 ± 451 0.14, was calculated. We have shown that the precision of individual measurements of 452 samples with > 15 µg C is adequate for studies aimed at determining C turnover or source 453 apportioning in soils and sediments. In addition, our data show that there is potential for also 454 applying the method for dating purposes. Samples isolated in replicates each containing > 25 455 µg C should give values precise enough for an age determination of, for example, combustion 456 residues on pottery or other samples with very fine charcoal that cannot be analyzed directly 457 or BC that is mixed with other OM. Based on the experience from study, we recommend that 458 process standards and blanks are determined regularly, as it is possible that C concentration in 459 chemicals and/or solvent changes through time. 460
The method can also be applied to other marker compounds (e.g. B4CA or B3CA), although 461 it might require minor tuning of the HPLC method to obtain a clean chromatographic 462 separation of the target compounds. Additional improvements could include the use of a 463 HPLC column with more capacity to reduce the number of injections required for isolation of 464 sufficient material. This might lead to less C ex , although the flow rate would need to be 465 increased. 466
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